Mitochondrial inner membrane protein MPV17 is a protein of unknown function that is associated with mitochondrial DNA (mtDNA)-depletion syndrome (MDS). MPV17 loss-of-function has been reported to result in tissue-specific nucleotide pool imbalances, which can occur in states of perturbed folate-mediated one-carbon metabolism (FOCM), but MPV17 has not been directly linked to FOCM. FOCM is a metabolic network that provides one-carbon units for the de novo synthesis of purine and thymidylate nucleotides (e.g. dTMP) for both nuclear DNA (nuDNA) and mtDNA replication. In this study, we investigated the impact of reduced MPV17 expression on markers of impaired FOCM in HeLa cells. Depressed MPV17 expression reduced mitochondrial folate levels by 43% and increased uracil levels, a marker of impaired dTMP synthesis, in mtDNA by 3-fold. The capacity of mitochondrial de novo and salvage pathway dTMP biosynthesis was unchanged by the reduced MPV17 expression, but the elevated levels of uracil in mtDNA suggested that other sources of mitochondrial dTMP are compromised in MPV17-deficient cells. These results indicate that MPV17 provides a third dTMP source, potentially by serving as a transporter that transfers dTMP from the cytosol to mitochondria to sustain mtDNA synthesis. We propose that MPV17 loss-offunction and related hepatocerebral MDS are linked to impaired FOCM in mitochondria by providing insufficient access to cytosolic dTMP pools and by severely reducing mitochondrial folate pools.
which is characterized by a tissue-specific reduction in mitochondrial DNA (mtDNA) copy number (4 -6) . Despite a lack of knowledge of its biochemical function(s), MPV17 has been shown to protect against mitochondrial dysfunction and apoptosis and to regulate reactive oxygen species (8, 9) . It has been proposed to function as a nonselective mitochondrial channel protein that opens under conditions characteristic of damaged mitochondria to preserve mitochondrial homeostasis by decreasing the membrane potential and thus preventing the formation of reactive oxygen species (10) .
Loss-of-function mutations in genes involved in regulation or synthesis of nucleotides can result in MDS. Mice that lack MPV17 function exhibit a 35 and 30% reduction in dTTP and dGTP pools, respectively, in liver mitochondria, but not in other tissues tested (11) . Maintenance and regulation of cellular dTTP synthesis and pool size for mtDNA replication are critical, as both depleted and expanded dTTP pool sizes have been associated with mtDNA depletion (12) .
Folate-mediated one-carbon metabolism (FOCM) is a network of interconnected metabolic pathways that use tetrahydrofolate (THF) cofactors to carry and chemically activate single carbon units for remethylation of homocysteine to methionine and the de novo synthesis of purine nucleotides and dTMP (13) (Fig. 1) . FOCM functions in the mitochondria, nucleus, and cytosol. The synthesis of dTMP occurs in the mitochondria (14) and the cytosol/nucleus (15) both through salvage pathway synthesis catalyzed by thymidine kinase (TK1 and TK2) and through folate-dependent de novo synthesis. Mitochondrial folate-dependent dTMP synthesis involves the enzymes serine hydroxymethyltransferase 2 (SHMT2), dihydrofolate reductase 2 (DHFR2, formally known as DHFRL1), and thymidylate synthase (TYMS). SHMT2 transfers one-carbon (1C) units from serine to THF to synthesize glycine and 5,10-methylene THF, the 1C donor for the conversion of dUMP to dTMP in a reaction catalyzed by TYMS. In this reaction, the folate cofactor serves as both a 1C donor and a source of 2 electrons, generating dihydrofolate (DHF) as a product. THF is regenerated from DHF by DHFR2 to complete the dTMP cycle (14) .
FOCM in mitochondria is the primary source of formate, which when translocated to the cytosol serves as the primary source of 1Cs for homocysteine remethylation and de novo purine and dTMP biosynthesis. Nuclear dTMP biosynthesis via FOCM requires isoforms of each of the mitochondrial dTMP synthesis enzymes (SHMT1/SHMT2␣, TYMS, and DHFR).
These enzymes are SUMOylated and translocated from the cytosol to the nucleus during S phase, where they form a multienzyme complex for nuclear dTMP synthesis at sites of nuclear DNA (nuDNA) replication and repair (14 -16) . Folatedependent de novo dTMP synthesis is compromised in states of perturbed FOCM and folate deficiency, leading to increased uracil misincorporation into DNA (17, 18) .
Under folate-deficient conditions, lack of folate-activated 1C units for dTMP synthesis results in dUMP accumulation leading to dUTP synthesis, which can be misincorporated into DNA by DNA polymerases, which do not distinguish between dUTP and dTTP during DNA synthesis (19) . Uracil-DNA glycosylases cleave the misincorporated U base, leaving an abasic site; multiple rounds of repair can result in DNA strand breaks, genomic instability, and cell death (20) . These mechanisms have been studied more extensively in nuDNA than in mtDNA. In this study, the effect of MPV17 expression on markers of impaired FOCM, including nucleotide synthesis and uracil misincorporation, was investigated.
Results

Impact of MPV17 expression on mitochondrial folatedependent nucleotide synthesis
HeLa cells with reduced MPV17 expression generated by shRNA (MPV17 knockdown, KD) exhibited an 80 -85% reduction in MPV17 protein levels when compared with cell lines treated with scrambled shRNA (Fig. 2) . The deoxyuridine (dU) Figure 1 . FOCM. One-carbon metabolism is required for the synthesis of purines, dTMP, and methionine. The hydroxymethyl group of serine is a major source of 1C units, which are generated in the mitochondria in the form of formate via SHMT2 or in the cytoplasm through the activity of SHMT1 or SHMT2␣. Mitochondria-derived formate can enter the cytoplasm and function as a one-carbon unit for folate metabolism. The synthesis of dTMP occurs in the nucleus and mitochondria. At S phase, the enzymes of the dTMP synthesis pathway undergo SUMO-dependent translocation to the nucleus. The remethylation of homocysteine to methionine by methionine synthase (MTR) requires vitamin B 12 . The one carbon is labeled in boldface type. The inset shows the thymidylate synthesis cycle, which involves the enzymes SHMT1, SHMT2␣, TYMS, and DHFR. MTHFR, methylenetetrahydrofolate reductase; MTHFD1, methylene THF dehydrogenase; GAR Tfase, glycinamide ribonucleotide transformylase; AICAR Tfase, aminoimidazolecarboxamide ribonucleotide transformylase; GCS, glycine cleavage system.
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suppression assay measures the cellular capacity to synthesize dTMP via the de novo ([ 14 C]dU) and salvage ([ 3 H]thymidine, dT) pathways for DNA synthesis. The decreased MPV17 expression did not affect the relative contribution of de novo dTMP synthesis and salvage dTMP synthesis to mtDNA synthesis, as indicated by the dU suppression assay (Fig. S1) ; the activity of both the salvage and de novo dTMP synthesis were elevated similarly in mitochondria of MPV17 knockdown cell lines compared with mitochondria of control lines (Fig. 3 , A-C). Mitochondrial TK2 and TYMS protein levels were unaffected by reduced MPV17 expression when compared with control MPV17-expressing cell lines (Fig. 3H) (Fig. S4) . Both salvage and de novo purine synthesis were reduced in MPV17 KD cells when compared with control lines (Fig. 3, F and G) , but the magnitude of the difference is small and unlikely to be biologically important.
Impact of MPV17 on cellular folate levels
Intracellular folates are compartmentalized in the mitochondria, nucleus, and cytosol as discrete pools (13, 18, (21) (22) (23) . Folate cofactors enter the cell in a monoglutamate form and are converted to a polyglutamate form by the enzyme folylpoly-␥-glutamate synthetase (FPGS). The polyglutamate moiety serves to retain the cofactors within the cell and subcellular compartments and increase the affinity of the cofactor for enzymes (24, 25) . Mitochondrial FPGS levels were reduced (30%) in MPV17 KD cell lines, with a trend toward significance (p ϭ 0.068) (Fig.  3, H and I (Fig. 4A) . Similarly, the rate of (6S)- [ 3 H]5-formyl-THF uptake was lower for MPV17 KD cells than for control lines over time (Fig. 4B ). Whole-cell folate turnover rates were similar in MPV17-deficient cells and control cell lines (Fig. 4C) .
Effect of reduced MPV17 levels on mitochondrial DNA integrity from HeLa cells
Uracil misincorporation in DNA is a marker of low-folate status (20, 26) . In folate deficiency, the dUTP/dTTP ratio is increased, leading to uracil misincorporation in DNA, doublestrand breaks, and DNA instability (27) . Uracil levels in mtDNA and nuDNA from MPV17 KD and control cells were quantified by GC-MS. HeLa cells cultured in folate-depleted medium for at least four doublings exhibited an 84 Ϯ 14% increase in uracil levels in mtDNA when compared with mtDNA from cells cultured in folate-replete medium (Table 2) . Similarly, uracil levels in mtDNA were 3-fold higher in cells with reduced MPV17 expression than in control lines (Fig. 5A ). However, reduced MPV17 expression did not affect uracil levels in nuDNA ( 
Discussion
The interaction between MPV17 and FOCM was investigated to provide insight into the role of MPV17 in mitochondrial nucleotide synthesis and mtDNA depletion. These studies demonstrate that MPV17 function is critical to maintain mitochondrial folate levels and prevent uracil accumulation in mtDNA, providing new insights into the role of MPV17 in MDS.
Mpv17 has been hypothesized to be a nonselective mitochondrial transporter (10, 28) . Liver mitochondria with reduced MPV17 expression have been reported to have lower levels of dTTP and dGTP pools (11) . In this study, we focused on the role of MPV17 depletion on dTMP synthesis and uracil accumulation in mtDNA because of the effect of MPV17 depletion on mitochondrial folate pools. Our data demonstrate that that MPV17-deficient cells synthesized and incorporated more dTMP from the de novo and salvage pathways into mtDNA ( Fig.  3 (A-E) and Fig. S2 ) without an increase in the expression levels of dTMP synthesis enzymes (Fig. 3H) . However, the 3-fold increase in uracil levels in the mitochondrial genome ( Fig. 5A ) of MPV17-deficient cells indicates that dTMP pools are compromised even though biosynthesis capacity is increased. These data suggest that MPV17 is essential to prevent uracil accumulation in mtDNA, independent of dTMP synthesis capacity. The elevated levels of uracil in mtDNA are also independent of uracil misincorporation in the nuclear genome and nuclear 
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dTMP synthesis capacity, which were not affected (Figs. 3 (D and E) and 5B).
Nucleosides and nucleotides are transported into the mitochondria for mtDNA synthesis. The mitochondrial pyrimidine nucleotide transporter SLC25A33 (PNC1) preferentially transports uracil, in addition to thymine, and cytosine (deoxy) nucleoside di-and triphosphates by an antiport mechanism (29, 30) . Similarly, SLC25A36 (PNC2) transports cytosine and uracil (deoxy)nucleoside mono-, di-, and triphosphates by uniport and antiport mechanisms (29, 30) . There is evidence in mouse liver for an unidentified, highly selective mitochondrial dTMP transporter, with lower affinity for other thymine forms (base and di-and triphosphate) (31) . Hence, there are three potential sources of dTMP for mtDNA replication: 1) endogenous folate-dependent de novo biosynthesis from dUMP; 2) salvage pathway synthesis from thymidine, and 3) import of dTMP nucleotides from the cytosol. Given the elevated levels of uracil in the mtDNA (Fig. 5A ) from cells with reduced MPV17 expression without evidence for disturbed dTMP biosynthesis capacity from both the salvage and de novo synthesis pathways (Fig. 3) , as well as the reported cases of dysregulation of mitochondrial dTTP pools in MPV17-deficient cells (11), we hypothesize that MPV17 is an important source of dTMP by serving as a dTMP transporter from the cytosol into the mitochondria for mtDNA synthesis (Fig. 7) . The apparent increase in both mitochondrial de novo and salvage dTMP biosynthesis (Fig. 3, A and B) suggests that these pathways are partially compensating for other mitochondrial sources of dTTP, namely dTMP transport from the cytoplasm by MPV17.
Mitochondria contain about 50% of total cellular folate, the nucleus contains ϳ10%, and the remaining folates are present in the cytosol (32, 33) . The 43% reduction in mitochondrial folates (Table 1) correlates with the 15% decrease in 3 H cellular folate accumulation (Fig. 4A ). This suggests that the mitochondrial folate pool is the main folate pool affected by MPV17 expression and that the decrease in the accumulation of the labeled folate by MPV17 KD cells may be a reflection of the depletion of mitochondrial folate pools. There was no observed change in total folate levels from whole-cell lysates of MPV17 
KD cells compared with control cell lines (Table 1 ) or in overall whole-cell folate turnover (Fig. 4C) , indicating that accumulation of cytoplasmic folate levels is not affected by reduced MPV17 expression. The spatial compartmentalization of folate pools is possible by the addition of polyglutamate chains to folate substrates by FPGS. The polyglutamate chains limit the translocation of folates across organelles and increase selectivity for several folate-dependent enzymes (24, 25) . Reduced FPGS protein levels in mitochondria in cells with reduced MPV17 expression may contribute to lower folate levels in that compartment.
The mechanism for reduced mitochondrial folate pools in MPV17 deficiency is not clear. Cells deficient in MPV17 cultured with labeled (6S)-[
3 H]5-formyl-THF have reduced uptake of the tritium label as shown by the quantitation of the label accumulation into the cell over time (Fig. 4B) . It is not clear from these data if the lower folate uptake levels represent lower uptake by the cell as a whole or lower uptake of folates exclusively by mitochondria. The expression of FPGS in MPV17-deficient cells may be the important determinate of reduced folate accumulation in mitochondria (Fig. 3 (H and I) ). The pulse-chase data (Fig. 4C) indicate that folate stability was not affected by the MPV17 expression, suggesting that the turnover of folate is the same for both MPV17 KD and control lines.
Dietary folate has been shown to affect on mtDNA damage, specifically in protecting against mtDNA deletions by unknown mechanisms (34 -36). mtDNA from HeLa cells grown in folatedeplete medium for at least four doublings had 84 Ϯ 14% more uracil than cells grown in folate-replete medium (Table 2) , suggesting that mtDNA is highly sensitive to uracil misincorporation under folate-deficient conditions. A potential mechanism by which folate deficiency may be associated with mtDNA depletion is by generation of double-strand breaks as a result of unrepaired uracil misincorporation. Uracil in mtDNA because of lack of MPV17 expression may be accompanied by mtDNA instability and may be the foundation for MPV17-related MDS.
Mitochondrial mass and copy number are important indicators of mitochondria integrity. Depletion of mtDNA by MPV17 is tissue-dependent. Others have also shown that changes in mtDNA copy number are also affected by cellular state, regardless of the tissue type. In human fibroblasts, MPV17 deficiency results in mtDNA depletion only in quiescent cells and not in proliferating cells (11) . This may explain why there was no difference in mtDNA copy number or mitochondrial mass in HeLa cells deficient in MPV17 (Fig. 6) .
In summary, this study reports the impacts of reduced MPV17 expression in HeLa cells on FOCM. These data show that reduced MPV17 expression depletes mitochondrial folate pools and that mitochondrial dTMP synthesis capacity is not sufficient to prevent uracil misincorporation, suggesting that the mitochondrial genome requires access to cytosolic dTMP pools. We postulate that there are three important sources of dTMP for mtDNA replication: de novo synthesis, salvage synthesis, and transport from the cytoplasm. We predict that MPV17 may be involved in the transport of dTMP from the cytosol to the mitochondria to maintain the dTMP pool (Fig. 7) for mtDNA synthesis. It is also likely responsible for transport of dGMP, as MPV17 loss-of-function mutations depress mitochondrial dGTP and dTTP pools (11) . In the absence of the cytosolic sources of dTMP, mtDNA replication becomes dependent on increased rates of de novo and salvage dTMP synthesis as well as misincorporation of dUTP. Whereas the impact of reduced MPV17 expression (and the resulting severe reduction in mitochondrial folate pools) did not impact mitochondrial de novo dTMP synthesis in HeLa cells, the relationship between MPV17 expression, mitochondrial folate pools, and mitochondrial folate metabolism should be investigated in 
animal models. This report provides evidence that MPV17-related hepatocerebral MDS may be linked to altered mitochondrial folate accumulation, dTMP synthesis, and impaired FOCM in mitochondria.
Experimental procedures
Stable cell lines
HeLa cells with reduced MPV17 expression were generated using an MPV17 shRNA construct (Origene Technologies) with the Mirus Ingenio electroporation kit and Nucleofector TM technology (Lonza). Clonal populations were selected using puromycin and transferred to 96-well plates. Initial puromycin concentrations were 0.25 g/ml and were slowly increased up to 1 g/ml. Cells were isolated and expanded as individual cell lines while always maintaining puromycin selection. Control lines were generated under the same conditions but using scrambled shRNA construct (Qiagen). MPV17 knockdown was validated by Western blotting normalized to protein concentration using a Lowry protein assay.
Culture conditions
Cells were cultured in HyClone minimum essential medium ␣ (␣MEM) supplemented with 10% fetal bovine serum (FBS), 1% penicillin/streptomycin, and 0.50 g/ml puromycin to maintain selection. Modified ␣MEM (HyClone) lacking glycine, serine, methionine, folate, and nucleosides was used in experiments as indicated; modified ␣MEM was supplemented with 10% dialyzed FBS, 200 M methionine, and 20 nM (6S)-5-formyl-THF (folate-replete cells only). H]thymidine (PerkinElmer Life Sciences). Cells were rinsed twice with 1ϫ PBS and detached from the tissue culture plates with 1ϫ 0.25% trypsin-EDTA (Corning, Inc.); trypsin was neutralized with unlabeled medium (for nuclear dU suppression) or with 10% FBS in 1ϫ PBS (for mitochondrial dU suppression). For nuclear dTMP biosynthesis capacity, genomic DNA was extracted using the DNAeasy Tissue and Blood Kit (Qiagen). For mitochondrial dTMP biosynthesis capacity, mitochondria were isolated, followed by mtDNA purification using the Zyppy Plasmid Miniprep kit (Zymo Research). 3 H and 14 C channels were counted in dual DPM mode on an LS6500 scintillation counter (Beckman Instruments).
dU suppression assay
Mitochondrial extraction
Mitochondrial extraction was carried out on ice. Solutions and equipment were maintained 4°C or ice before and during the procedure. A total of 35 T175 flasks, 90 -100% confluent, were collected per sample; cells were rinsed twice with 1ϫ PBS and detached with 0.25% trypsin-EDTA 1ϫ (Corning); trypsin was neutralized with 10% FBS, 1% penicillin/streptomycin in 1ϫ PBS. Cell pellets were washed with 1ϫ PBS and centrifuged (1000 ϫ g, 5 min) before proceeding with mitochondrial extraction. Extraction of mitochondria was performed with an OptiPrep (60% iodixanol, Sigma-Aldrich) discontinuous gradient with some modifications.
OptiPrep discontinuous gradient
Cell pellets were washed with homogenization medium (0.25 M sucrose, 1 mM EDTA, 20 mM HEPES-NaOH, pH 7.4, and freshly added protease inhibitor), followed by centrifugation. Pellet was resuspended in 5 ml of homogenization medium and homogenized in a Dounce homogenizer pestle A, followed by centrifugation (1000 ϫ g for 10 min in a fixed-angle rotor) to pellet nuclei. Pellet was suspended using a Dounce homogenizer pestle B, and the mitochondria was pelleted by centrifugation. Supernatants from both homogenization steps were combined and centrifuged at 17,000 ϫ g for 10 min to obtain a crude mitochondrial pellet. The crude mitochondrial pellet was resuspended with a type B Dounce homogenizer. The crude fraction was adjusted to 36% (w/v) iodixanol with 50% iodixanol (diluted in 0.25 M sucrose, 6 mM EDTA, 120 mM Hepes-NaOH, pH 7.4, and fresh protease inhibitor). The mitochondrial fraction ϩ iodizanol solution was loaded on the bottom of the ultracentrifuge tube and layered with equal parts of 25 and 20% iodixanol gradient solutions. One ml of the homogenization solution was added to the top layer. The sample was centrifuged at 100,000 ϫ g for 4 h (Beckman SW41TI). The mitochondrial fraction was collected and diluted 3 times with homogenization buffer. The diluted mitochondrial fraction was centrifuged at 30,000 ϫ g for 30 min to pellet mitochondria.
Formate suppression assay
This assay quantifies the relative rate of de novo purine synthesis capacity as a ratio of At confluence, cells were rinsed twice with 1ϫ PBS and detached with 1ϫ 0.25% trypsin-EDTA (Corning). Nuclear DNA was isolated using the DNAeasy Tissue and Blood Kit (Qiagen) according to the manufacturer's protocols. 3 H and 14 C channels were counted in dual DPM mode on an LS6500 scintillation counter (Beckman Instruments).
Western blotting analyses and densitometry
All primary antibodies were diluted in 5% BSA and 0.02% sodium azide as indicated: proliferating cell nuclear antigen (nuclear marker; Cell Signaling, 1:1000, mouse); hexokinase I and CoxIV (mitochondrial markers; Cell Signaling, 1:1000, rabbit); FPGS (mouse, 1:1000, Zuckerman laboratory (37)); MPV17 (Abcam, 1:80, rabbit or mouse); anti-thymidine kinase 2 (Abcam, 1:100, rabbit); TYMS (Cell Signaling, 1:2000, rabbit). Secondary antibodies were diluted in 10% nonfat milk made in PBS. Densitometry was performed using ImageJ. Background was subtracted, and intensities of nonsaturated bands were quantified and normalized to loading control (CoxIV served as mitochondrial marker and mitochondrial loading control). Due Red, source 1: salvage dTMP synthesis using dT from cytosolic and mitochondrial pools. Salvage synthesis of dTMP is independent of folate status; it relies on TK2 activity to convert dT to dTMP. Mitochondrial pyrimidine nucleotide transporter PNC1 facilitates the import of dT from cytosolic pools. Blue, source 2: de novo dTMP synthesis using dUMP from mitochondrial and cytosolic pools. Cytosolic dUMP is imported into the mitochondria via PNC2, where it participates in folate-dependent de novo dTMP biosynthesis. Purple, source 3: transport dTMP from cytosolic pools, to be incorporated into the mitochondrial dTMP pool. dTMP synthesized in the cytosol via the salvage pathway or de novo pathway is imported into the mitochondria to help sustain mtDNA synthesis; the mitochondrial import of synthesized dTMP is perturbed under MPV17-deficient conditions.
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to the size similarity, protein expressions of TK2 and TYMS were quantified on different Western blots.
Microbiological Lactobacillus casei assay
Folates in whole-cell samples as well as in isolated mitochondria were quantified as described (38, 39) . Total folates were normalized to protein concentration (quantified with the Lowry protein assay) for each given sample.
Folate accumulation
Cells were plated in triplicates in 6-well plates in ␣MEM until 50% confluence. Growth medium was replaced with modified MEM containing 25 nM (6S)-[
3 H]5-formyl-THF, and the cells were cultured for 12 h. Cells were harvested, rinsed twice with 1ϫ PBS, and counted with an automated cell counter (Bio-Rad, TC-20). Cells were lysed with 0.2 M ammonium hydroxide. Tritium in the cells was quantified in an LS6500 scintillation counter (Beckman Instruments) and normalized to the number of cells.
Folate uptake
Uptake of folate over time was determined. Cells were plated in triplicates in 6-well plates in ␣MEM. Once cells reached about 50% confluence, they were labeled with 25 nM (6S)- 
Uracil content in DNA
Uracil present in both nuDNA and mtDNA was quantified by GC-MS and normalized to g of DNA. For isolating nuDNA, whole cells were harvested by trypsinizing. nuDNA was extracted using the Roche High Pure PCR Template Preparation Kit and eluted in DNase/RNase-free water. nuDNA was briefly sonicated and treated with RNase A for 30 min. For isolation of mtDNA, mitochondria were isolated as described above, followed by mtDNA extraction using the Zyppy Plasmid Miniprep kit (Zymo Research), and eluted in DNase/RNasefree water. mtDNA was briefly sonicated and treated with RNase A for 30 min. DNA from nuclear and mitochondrial samples were quantified as described previously (40) with the following modification; 50 pg of 15 N 6 uracil was added as an internal standard to all samples and standards.
Mitochondrial content and mass
Mitochondrial DNA content, the number of mitochondrial genomes per cell, was quantified by real-time quantitative PCR (Roche LightCycler 480) as described previously (41), using LightCycler 480 SYBR Green I Master (Roche Applied Science) and 3 g of DNA/reaction. Mitochondrial mass, number of mitochondria per cell, was quantified with the Citrate Synthase Activity Assay Kit (Invitrogen) according to the manufacturer's instructions. Citrate synthase activity is a marker for mitochondrial mass. Samples consisted of whole-cell extracts normalized to total cellular protein. Protein was quantified by the Lowry protein assay.
Isolation of nucleotides in mtDNA
This procedure confirms that dTMP precursors, dU and dT, were incorporated into mtDNA as dTTP. Cells were cultured and harvested in the presence of [
14 C]deoxyuridine and [ 3 H]thymidine, as described for dU suppression. Mitochondria were isolated, followed by mtDNA purification using the Zyppy Plasmid Miniprep kit (Zymo Research). DNA was digested to nucleosides as described previously (7) . Nucleosides were separated by HPLC with a Synergi Fusion-RP column (Phenomenex) using a binary buffer system with a flow rate of 1 ml/min as described previously (18). Radioactivity in each fraction was quantified using a Beckman LS-6500 liquid scintillation counter in dual disintegrations/min mode.
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